Satellite cells refer to resident stem cells in muscle that are activated in response to damage or disease for the regeneration and repair of muscle fibers. The use of stem cell transplantation to treat muscular diseases has been limited by impaired donor cell survival attributed to rejection and an unavailable stem cell niche. We isolated a population of adult muscle mononuclear cells (AMMCs) from normal, strain-matched muscle and transplanted these cells into ␦-sarcoglycan-null dystrophic mice. Distinct from other transplant studies, the recipient mice were immunocompetent with an intact endogenous satellite cell pool. We found that AMMCs were 35 times more efficient at restoring sarcoglycan compared with cultured myoblasts. Unlike cultured myoblasts, AMMC-derived muscle fibers expressed sarcoglycan protein throughout their entire length, consistent with enhanced migratory ability. We examined the capacity of single injections of AMMCs to provide longterm benefit for muscular dystrophy and found persistent regeneration after 6 months, consistent with augmentation of the endogenous stem cell pool. Interestingly, AMMCs were more effectively engrafted into aged dystrophic mice for the regeneration of large clusters of sarcoglycan-positive muscle fibers, which were protected from damage, suggesting that the stem cell niche in older muscle remains permissive. (Am J
Skeletal muscle is a dynamic tissue that regenerates after damage from exercise or disease. Muscle regeneration is mediated by satellite cells, which are defined by their position between the basal lamina and the sarcolemmal membrane. 1, 2 Satellite cells are maintained throughout the life of the organism and are thought to asymmetrically divide to simultaneously replenish the satellite cell pool and produce myogenic precursor cells known as myoblasts. Myoblasts can be cultured and expanded and have been tested for their ability to treat degenerative diseases of muscle. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Under specific culture conditions, myoblasts withdraw from the cell cycle and undergo terminal differentiation. In vivo, during myoblast transplantation, a similar cell cycle withdrawal is thought to occur followed by terminal differentiation and the fusion of myoblasts to existing myofibers. 17 In this setting, myoblast transfer has been hampered by limited engraftment thought to relate to poor migratory ability and lack of long-term survival from rejection and ongoing muscle degeneration. An additional complication is that myoblasts do not appear to replace the satellite cell niche.
Duchenne muscular dystrophy (DMD) and a subset of the limb girdle muscular dystrophies are caused by mutations in genes encoding components of the dystrophin glycoprotein complex. 18, 19 This complex consists of dystrophin, dystroglycan, sarcoglycans, dystrobrevins, and syntrophins. 20 The transmembrane dystrophin glycoprotein complex links laminin-␣2 in the basal lamina to the actin cytoskeleton. Disruption of this protein chain leaves muscle membranes fragile and with permeability defects. Clinically, the loss of dystrophin or sarcoglycans leads to progressive muscle weakness that initially targets muscle groups proximal to the trunk. In time, most musculature is affected by muscle wasting. Pathologically, the muscle is replaced ultimately by connective tissue and adipose infiltration indicating an overall failure of the satellite cell and regenerative system of muscle. During aging in normal muscle, there is also a reduction in regenerative capacity. [21] [22] [23] Mouse models of DMD and limb girdle muscular dystrophy lacking dystrophin (mdx) and ␦-sarcoglycan (Sgcd-null), respectively, exhibit identical pathology to what is seen in human patients that begins as focal necrosis within muscle and eventual fibrofatty infiltration. 24 -26 Although the underlying genetic defects and disease progression are understood in muscular dystrophy, therapy is not effective. Thus, cell-based approaches remain an attractive strategy for treating these disorders.
Cell-based therapies for muscular dystrophies have the combined benefits of boosting regenerative capacity and simultaneously delivering normal copies of genes to dystrophic muscle. For long-term efficacy, adding a self-renewing source of stem cells to the endogenous stem cell pool of muscle is advantageous. Early attempts at cell-based therapy for muscular dystrophy relied on transfer of immortalized myoblast cultures to mdx mice. 27 These studies demonstrated that myoblast transfer could restore dystrophin to a small percentage of recipient myofibers and inspired clinical trials in human DMD patients. 10, [12] [13] [14] Subsequent studies have identified the limitations of myoblast cell lines and cultured myoblasts. Cultured myoblasts are hampered by their inability to migrate throughout myofibers, limiting their muscle contribution to 60 to 900 m from the injection site. 28 -30 Another shortcoming is that myoblasts quickly die after injection, 15, 31, 32 at least partially because of host immune responses. 16, 33 Recent studies suggested that culture conditions promote partial cell differentiation, thus diminishing stem cell capabilities and limiting effectiveness of cultured cells to contribute to multiple rounds of muscle regeneration. 34 Montarras and colleagues 34 showed that freshly isolated cells regenerated muscle three times more efficiently than cells exposed to culture conditions. Consequently, cultured myoblasts have the advantage of ex vivo expansion but through this process differentiate sufficiently so that they do not efficiently replace satellite cells.
To expand on these findings, we transplanted a population of freshly isolated, adult muscle mononuclear cells (AMMCs) into immunocompetent Sgcd-null mice. Compared to mdx mice, Sgcd-null mice have increased cardiac and skeletal muscle necrosis and do not have revertant fibers that may complicate interpreting the regenerative potential of donor cells. 24, 25 We found that AMMCs regenerated muscle 35ϫ more effectively than cultured myoblasts. Transplantation of AMMCs resulted in robust expression of sarcoglycan throughout the length of the transplanted muscle, even when competing against endogenous satellite cells. Subsequent injections of AMMCs yielded additional donor-derived fibers in immunocompetent recipients, suggesting that AMMCs contain a population of immunoprivileged cells with myogenic potential. Muscle fibers regenerated from AMMCs were resistant to further degeneration in vivo under sedentary conditions and when stressed by exercise. Importantly, AMMCs were detected in the sublaminal compartment, consistent with satellite cell localization. Moreover, AMMCs demonstrated long-term survival 6 months after transplantation into diseased muscle with ongoing degeneration and regeneration with no decrease in their population. Unexpectedly, transplantation into aged Sgcd-null recipients was associated with enhanced regeneration.
Materials and Methods

Animals
Sgcd-null mice were previously reported and were generated by deleting exon 2 that encodes the initiator methionine, the cytoplasmic and transmembrane domains. 24, 35 The Sgcd allele was backcrossed heterozygously 10 generations with C57BL6/J mice and then intercrossed to generate recipient animals. Donors were 6-to 10-week-old, sex-mismatched, C57BL/6J littermates. In experiments that used GFP transgenic mice, the donors were 6-to 10-weekold, sex-mismatched C57BL/6-Tg(ACTB-EGFP)1Osb/J mice (The Jackson Laboratory, Bar Harbor, ME) with an enhanced GFP transgene under the control of a chicken ␤-actin promoter and cytomegalovirus enhancer. Animals were housed, treated, and handled according to guidelines of the University of Chicago Institutional Animal Care and Use Committee, the Animal Welfare Act, and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Isolation of AMMCs
Mononuclear cells were isolated from hindlimb muscles of 6-to 10-week-old syngeneic wild-type donors. Muscles were finely minced with razor blades. Collagenase/dispase solution (2.4 U/ml dispase II, 2.5 mmol/L CaCl 2 , 1% collagenase D; Roche Diagnostics, Indianapolis, IN) was added at 2 ml/g tissue followed by a 45-minute incubation at 37°C. Every 15 minutes during digestion, tissue slurries were triturated 15 times through a 5-ml pipette. The digestion was stopped by adding F-10 Ham's media supplemented with 20% fetal bovine serum and 1% penicillin/streptomycin. Digested muscle was passed through filters with pore sizes of 100 m, 70 m, and 40 m before centrifugation at 200 ϫ g for 5 minutes. Pellets were resuspended in supplemented F-10 Ham's media and Ficoll-Paque Plus (Amersham Biosciences, Piscataway, NJ) was layered beneath the cell suspensions followed by centrifugation at 800 ϫ g for 15 minutes with the brake off. AMMCs were collected at the media/Ficoll interface and pellet cells were collected after removing the supernatant. After washing, cells were resuspended in phosphate-buffered saline (PBS)/0.5% bovine serum albumin at 10 7 cells/ml and kept on ice until transplanted.
Primary Myoblast Cultures
Primary myoblasts were isolated from five C57BL/6J newborn mouse pups as described. 36 Cells were preplated on uncoated plastic dishes (Techno Plastic Products, Trasadingen, Switzerland) three times before plating on dishes coated with ECL (entactin-collagen-laminin) attachment matrix (Upstate Biotechnology, Lake Placid, NY). Cells were passaged 2 days later after two additional preplatings on uncoated dishes. Three days later, cultures were at least 50% myoblasts. After 5 days in culture, the three cell preparations with the highest percentage of myoblasts were each injected into four recipient mice.
Cell Transplants
Recipient mice were nulliparous Sgcd-null mice at 8 to 10 weeks of age or 7 to 10 months of age. Mice were injected with 10 5 AMMCs for each injection. When using cultured myoblasts, 2 ϫ 10 5 cells were injected to compensate for the presence of fibroblasts in the culture and ensure that at least 10 5 myoblasts were delivered. Recipients of AMMCs were irradiated with 5 Gy whole body irradiation immediately before transplantation. After anesthetizing the mice with isoflurane, a longitudinal incision was made to expose the tibialis anterior or biceps brachii. A 10-l cell suspension was injected directly into the midbelly of the muscle with a 25-l syringe (Hamilton Co., Reno, NV). Mice receiving two injections were given a second transplant 14 days later. Recipients of three doses of cells received their second and third injections on days 10 and 20 after the first injection. Recipients were sacrificed 1, 3, or 6 months after transplantation and transplanted muscles were removed and snap-frozen in liquid nitrogen-cooled isopentane.
Immunostaining
Every third 10-m frozen cross section throughout the length of the recipient muscle was collected on a slide, and the two serial sections were collected on additional slides. An anti-␥-sarcoglycan rabbit polyclonal antibody 37 was used at 1:500 in combination with Cy3-or fluorescein-conjugated goat anti-rabbit immunoglobulin antibodies (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) to identify donor-derived muscle fibers.
For localization of GFP-AMMCs, the anti-GFP rabbit polyclonal antibody A11122 (Invitrogen, Carlsbad, CA) was used at 1:100, anti-dystrophin mouse monoclonal antibody NCL-DYS2 (Novacastra, Newcastle upon Type, UK) was used at 1:100, and anti-Pax7 mouse monoclonal (Developmental Studies Hybridoma Bank, Iowa City, IA) was used at 1:50 in combination with species-appropriate fluorophoreconjugated secondary antibodies. Background staining attributable to endogenous mouse immunoglobulins was reduced using the Mouse On Mouse kit according to the manufacturer's protocol (Vector Laboratories, Burlingame, CA). Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) and coverslips were mounted with Vectashield antifade medium (Vector Laboratories). Sarcoglycan-positive fibers were scored on a minimum of 144 sections per muscle, representing a minimum of 4.3 mm of the length of the tibialis anterior muscle. Comparison of transplant treatments was done by averaging the single section with the most sarcoglycan fibers from each animal within the treatment group. Scoring and image acquisition were done using an Axioskop, AxioCam, and AxioVision (Carl Zeiss, Inc., Thornwood, NY).
Exercise
Exercised mice received two injections of cells into their biceps brachii muscles as described above. One month after the first injection, mice were exercised on a Treadmill Simplex II (Columbus Instruments, Columbus, OH) at a 10 degree decline at 10 m/minute for 10 minutes each day for 3 consecutive days. After the exercise session on the second day, mice were injected intraperitoneally with 10 mg/ml of Evans blue dye (EBD) at 0.1 ml per 10 g of body weight. Immediately after the third exercise session, biceps muscles were removed, snap-frozen in liquid nitrogen-cooled isopentane, and stored at Ϫ80°C until sectioning.
The biceps muscle was sectioned and stained as described above and sarcoglycan-positive fibers were counted throughout the length of the muscle. The percentage of EBD-positive area was determined by measuring the area of at least two muscle cross sections per animal stained with dye and dividing by the total muscle area using Image J software (National Institutes of Health, Bethesda, MD). For untransplanted animals, EBD was measured on the middle sections of the biceps brachii. For transplanted muscles, the sections containing the most sarcoglycan-positive fibers was used for analysis.
EBD Analysis
The serial section after the section with the most sarcoglycan-positive fibers was chosen for EBD analysis. Slides were incubated in 1 g/ml of EBD in PBS for 30 minutes followed by three 10-minute washes in PBS. Sections were fixed in ice-cold acetone for 5 minutes, washed three times for 5 minutes in PBS, and immunostained for ␥-sarcoglycan as described above.
Cytometry
For cytometric analysis by immunofluorescence, Ficoll upper layer and pellet AMMCs were isolated as described above and resuspended at 10 5 cells/ml. A 200-l volume of cells was immediately centrifuged to polylysine-coated slides (Wescor, Inc., Logan, UT) using a Cytopro 7620 (Wescor, Inc.) set to 1000 rpm for 5 minutes with medium acceleration. Slides were fixed with ice-cold methanol for 2 minutes, rehydrated in PBS, and blocked with blocking buffer (5% fetal bovine serum, 0.1% Triton X-100 in PBS) for 30 minutes before antibody staining. Primary antibodies and dilutions used were as follows: rabbit polyclonal anti-MyoD (sc-760; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at 1:500; mouse monoclonal anti-Pax7 (Developmental Studies Hybridoma Bank) at 1:50; mouse monoclonal anti-Pax3 (Developmental Studies Hybridoma Bank) at 1:50; rabbit polyclonal anti-Myf5 (sc-302; Santa Cruz Biotechnology, Inc.) at 1:100; mouse monoclonal anti-myogenin (556358; BD Pharmingen, Franklin Lakes, NJ) at 1:100. Cells were incubated with primary antibodies diluted in blocking buffer overnight at 4°C before being washed in PBS and incubated with species-appropriate secondary antibodies (Jackson ImmunoResearch Laboratories). After additional PBS washes, nuclei were stained with DAPI and coverslips were mounted with Vectashield medium. Antigen-positive cells were scored on a minimum of 20 microscope fields under the ϫ63 oil objective of an Axioskop microscope (Carl Zeiss, Inc.).
For analysis by fluorescence-activated cell sorting (FACS), AMMCs were resuspended at 5 ϫ 10 7 cells/ml in FACS staining buffer (1% bovine serum albumin, 0.1% sodium azide in PBS) containing primary antibodies and incubated on ice for 30 minutes. Primary antibodies and dilutions used were as follows: phycoerythrin-conjugated anti-CD34 (RAM34, BD Pharmingen) at 1:20; fluoresceinconjugated anti-CD45 (30-F11, BD Pharmingen) at 1:20; rat monoclonal anti-Sca-1 (Ly-6AE; Cedarlane Laboratories, Hornby, Canada) at 1:100; rat monoclonal anti-C-kit (ack2; eBioscience, San Diego, CA) at 1:50; rabbit polyclonal anti-M-cadherin (sc-10734; Santa Cruz Biotechnology, Inc.) at 1:100; mouse monoclonal anti-CD31/PECAM (550274. BD Pharmingen) at 1:50; rat monoclonal anti-CD44 (558739. BD Pharmingen) and 1:50; fluorescein isothiocyanate-conjugated anti-CD13 (558744. BD Pharmingen) at 1:100; rabbit polyclonal anti-laminin ␣2 38 at 1:200, rabbit polyclonal anti-␣5 integrin (AB1928; Chemicon, Temecula, CA) at 1:500. Cells were washed with FACS staining buffer and incubated with species-specific, fluorophoreconjugated secondary antibodies on ice for 30 minutes. Cells were washed again and kept on ice until analysis. After gating to remove dead cells, debris, and cell aggregates, at least 10,000 events were collected for analysis on a BD FACSCanto flow cytometer (BD Biosciences). Flow cytometry data were analyzed using FlowJo software (Tree Star, Inc., Ashland, OR).
Statistical Analysis
Data are presented as the mean Ϯ SEM. Nonparametric statistics were performed using GraphPad Prism (GraphPad Software Inc., San Diego, CA). Differences were considered significant at two-tailed P Ͻ 0.05.
Results
Freshly Isolated AMMCs Regenerate Muscle More Effectively than Cultured Myoblasts
To examine the benefits of transplanting freshly isolated muscle cells into dystrophic muscle, we first examined whether a population of AMMCs could regenerate mus- cle after injection into Sgcd-null mice. Deletion of ␦-sarcoglycan destabilizes the entire sarcoglycan protein complex in Sgcd-null mice. 24 AMMCs were extracted by mincing hindlimb muscles from 6-to 10-week-old male wild-type mice, followed by gentle treatment with collagenase and dispase, trituration, and filtering to remove debris. These cells were transplanted into 8-to 10-weekold Sgcd-null recipients within 2 hours of isolation. Successful engraftment was confirmed by restored ␥-sarcoglycan expression. 35 A single injection of 10 5 AMMCs resulted in an average of 210 sarcoglycan-positive muscle fibers, or ϳ10% of the total myofibers in the transplanted muscle (Figure 1 ). In contrast, 10 5 cultured primary myoblasts equally introduced into Sgcd-null recipients yielded an average of only six sarcoglycanpositive fibers. This low engraftment of myoblasts is comparable to what others have noted when normalized to injected cell number and taking into account the immunocompetent status of the recipients. 34, 39 Thus, AMMCs are a freshly isolated muscle cell population that is 35-fold more efficient at restoring sarcoglycan than cultured primary myoblasts.
AMMCs Restore Sarcoglycan throughout the Length of Transplanted Muscles
Because cultured myoblasts have very limited migration after transplant, we assessed the spread of sarcoglycan longitudinally from the injection site after AMMC transplantation. Sarcoglycan-positive fibers were scored in every third 10-m section throughout the recipient muscle. In 10 mice analyzed, sarcoglycan-positive fibers were detected in an average of 144 of 180 sections of each muscle, representing more than 4.4 mm of muscle length (Figure 2) . A peak of sarcoglycan-positive fibers was detected in the middle of the injected muscle, and presumably represented the injection site. When individual muscle fibers were tracked in each section, sarcoglycan protein could be detected in nearly the entire length of some fibers and only in segments of others (data not shown). Donor-derived fibers were not detected in the gastrocnemius or quadriceps muscles of recipient mice (data not shown). The extended tracts of sarcoglycan-positive fibers within injected muscles suggest that AMMCs contain potent myogenic precursor cells with the ability to migrate from the injection site to the ends of the myofiber.
AMMC-Derived Muscle Fibers Are Resistant to Degeneration
A hallmark of muscular dystrophy is the progressive muscle wasting that results from continued cycles of degeneration. To analyze whether donor-derived muscle fibers underwent degeneration, sections from transplanted tibialis anterior muscles were stained with EBD. EBD is a low-molecular weight dye that binds to serum albumin, which enters dystrophic fibers with damaged membranes. 40 Clusters of EBD-positive fibers were detected in Sgcd-null muscle, consistent with the focal degeneration previously reported in these mice. 24 EBD was not detected in any of 3711 sarcoglycan-positive fibers analyzed from 33 recipients, even when the donor-derived fiber was in the middle of an area of focal degeneration (Figure 3) . Downhill running produces muscle damage through eccentric contraction. In quadrupeds, this effect is most pronounced on the biceps brachii muscle. Therefore, we transplanted the biceps brachii muscles of Sgcd-null mice with two injections of 10 5 AMMCs 1 month before exercising them by three sessions of downhill running. Downhill running increased muscle damage fourfold in 
Enhanced Sarcoglycan Expression with Multiple Injections of AMMCs
Previous transplantation studies using cultured myoblasts have been hampered by the rapid clearance of injected cells, and much of this loss is attributed to immune responses. 16, 33 We examined the effect of additional injections of AMMCs on regeneration. Two weeks after a first injection, Sgcd-null recipients received a second injection of 10 5 AMMCs in one leg and saline in the other. Muscles receiving three injections were injected 10 and 20 days after the first transplant. Recipients were sacrificed 1 month after the initial injection. Subsequent analysis revealed a 40% increase in sarcoglycan-positive fibers in mice receiving two doses of cells compared to a single transplantation ( Figure 5) . A third dose of AMMCs resulted in an additional 15% increase in donor-derived fibers. The relatively modest increase from the third injection may be attributable to the shorter, 10-day period between delivery of the third dose of AMMCs and analysis. The increased restoration of sarcoglycan with repeated transplants indicates that multiple injections of AMMCs are more beneficial to dystrophic muscle than single injections and subsequent transplants of cells are not rapidly cleared by a recipient immune response.
AMMCs Have Long-Term Regenerative Capacity in Dystrophic Mice
One characteristic of stem cells is their ability to selfrenew, producing daughter cells for tissue regeneration as well as cells that retain stemness. To determine whether AMMCs have self-renewing properties, engrafted muscle was examined 3 and 6 months after a single injection of 10 5 AMMCs. Three months after injection of AMMCs, sarcoglycan-positive myofibers increased by 80% compared to recipients analyzed 1 month after injection ( Figure 6 ). Recipients analyzed 6 months after AMMC transplants had 40% more sarcoglycan restoration than recipients at the 1-month time point. The increase in donor-derived muscle between 1 and 3 5 AMMCs. Exercised mice were subjected to three sessions of downhill running to induce damage in transplanted and untransplanted biceps muscles. Muscle damage was almost 50% lower in mice that received injections of AMMCs. P ϭ 0.05 for untransplanted, exercised animals compared to transplanted, exercised animals. months is strong evidence that a subpopulation of AMMCs has stem cell activity and can augment the stem cell pool of dystrophic muscle to serve as a lasting source of regenerative cells.
AMMCs Are Localized in the Satellite Cell Niche
Satellite cells were initially identified based on their anatomical position between the plasma membrane and the basal lamina. 1 To determine whether AMMCs contributed to the satellite cell pool of transplanted mice, Sgcd-null muscles were injected with AMMCs from transgenic mice expressing green fluorescent protein (GFP) under control of the ␤-actin promoter. Six weeks after transplantation, donor-derived fibers were detected expressing both GFP and sarcoglycan (Figure 7 ). Many recipient fibers expressed GFP, indicating donor cell fusion to recipient myofibers. GFP/Pax7-positive cells were detected outside of muscle fibers in recipients, closely apposed to the sarcolemma (Figure 7) . The presence of GFP-positive cells expressing satellite cell markers in recipients demonstrates that AMMCs can supplement the pool of satellite cells in dystrophic muscle.
AMMCs Are a Heterogeneous Cell Population
Because AMMCs are isolated without cell marker selection, we sought to characterize expression of marker proteins and determine what cell types are present in the AMMC population. Cell surface proteins including CD45, c-kit, Sca-1, CD34, M-cadherin, CD13, CD44, CD31, laminin ␣2, and ␣5 integrin were analyzed by incubating freshly isolated cells with antibodies followed by FACS. Transcription factor expression including Pax7, Myf5, MyoD, myogenin, and Pax3 was studied by centrifuging cells to slides and immediately staining them with antibodies for immunofluorescence microscopy.
Abundant detection of the myoregulatory factors Myf5, MyoD, and myogenin demonstrated that many AMMCs were committed muscle cells. Approximately 10% of AMMCs expressed the satellite cell markers M-Cadherin, Pax7, and Pax3 (Table 1) . Likewise, hematopoietic stem cell markers including CD45, Sca-1, CD13, and c-kit were detected. Protein markers for endothelial cells (PE-CAM) and pericytes (CD44, CD13) were detected at low levels, indicating that these cell types represented a minor fraction of AMMCs. Detection of laminin ␣2 on cells suggests that the collagenase/dispase digestion of cells was gentle enough to leave the extracellular matrix partially intact and adherent to cells. Together, these data demonstrate that the major 798 Wallace et al AJP September 2008, Vol. 173, No. 3 cell types in the AMMC population are myoblasts, satellite cells, and hematopoietic cells.
AMMCs Can Regenerate Muscle in Aged Dystrophic Mice
To determine whether AMMCs could effectively regenerate muscle in mice with advanced muscular dystrophy, 7-to 10-month-old mice were injected once with 10 5 AMMCs and analyzed 1 month later. By this age, Sgcd-null animals have advanced disease. Surprisingly, aged recipients had more donor-derived fibers than younger mice. Compared to 1.5-to 2.5-month-old recipients, sarcoglycan-positive fibers increased in 7-to 10-month-old recipients by 60% ( Figure 8A ). AMMC transplantation in aged mice led to an 80% decrease in damaged muscle fibers compared to nontransplanted controls as assayed by EBD uptake ( Figure 8B ). This demonstrates that AMMCs are effective even in advanced cases of muscle disease and that the environment of severely dystrophic muscle supports regeneration.
Density Gradient Centrifugation Yields Two Populations of Myogenic Cells
To eliminate red blood cells and debris, muscle cell preparations were subjected to density gradient centrifugation through Ficoll, resulting in the AMMC population at the Ficoll interface and a pellet cell population. Ficoll is a highly branched, high-mass, hydrophilic polysaccharide commonly used to separate blood into plasma mononuclear cells in the Ficoll upper layer and erythrocytes and granulocytes into the pellet. As a control, pellet cells were identically injected into contralateral tibialis anterior muscles of Sgcd-null mice. When analyzed 1 month after transplantation, muscles injected with pellet cells had 60% fewer donor-derived fibers than those injected with AMMCs ( Figure 9 ). Interestingly, 3 months after injection with pellet cells the number of donor-derived fibers increased by more than threefold compared to the 1-month time point (Figure 9 ), and this trend continued at the 6-month time point. Moreover, when injected into aged Sgcd-null mice, pellet cells restored sarcoglycan to comparable levels as AMMCs (Figure 9 ).
To determine how the pellet population differed from AMMCs, we examined the expression of cell markers by FACS and immunofluorescence microscopy. The expression profile of many proteins was similar between AMMCs and pellet cells. Notably, the percentage of cells expressing the hematopoietic cell lineage markers CD45 and Sca-1 was decreased in pellet cells (Table 1) . Although the expression of muscle regulatory factors Myf5, MyoD, and myogenin was equal in pellet cells relative to AMMCs, expression of the satellite cell markers Pax3 and Pax7 was increased in pellet cells. Interestingly, the detection of laminin ␣2 on pellet cells was similarly increased in the pellet fraction (Table 1 ). The increase in donor-derived fibers from the 1-month to 3-month time point, increase in Figure 8 . Transplantation of AMMCs is more effective in aged Sgcd-null mice recipients. A: Sarcoglycan restoration was compared in 1.5-to 2.5-month-old recipients and 7-to 10-month-old recipients of AMMC transplants. Older mice receiving AMMCs had 60% more sarcoglycan-positive fibers than younger recipients (P ϭ 0.03). B: Tibialis anterior sections of transplanted and untransplanted 7-to 10-month-old recipient Sgcd-null mice were stained with EBD to measure muscle damage. Aged mice receiving AMMC transplants had fewer dye-positive fibers than age-matched, untransplanted Sgcdnull mice (P ϭ 0.02). satellite cell markers, and increase in cells with laminin ␣2 and integrin ␣5 in the pellet suggests that fragments of the niche matrix may be sufficient to maintain the stem cell quality of the satellite cell.
Discussion
Although satellite cells have been extensively studied and are widely accepted as the primary regenerative cell in skeletal muscle, the ability to isolate these cells for effective use in stem cell therapies has been elusive. Recent experiments suggest that the difficulty in capturing satellite cells has primarily been attributable to the isolation and culturing techniques that result in their partial differentiation. In their quiescent state, most satellite cells express Pax7, CD34, and M-cadherin. [41] [42] [43] Satellite cells in the diaphragm and, to a lesser extent in limb muscles, also express Pax3. 44 On activation, satellite cells then enter a genetic program of MyoD and Myf5 expression. 45 After subsequent division, myogenin expression and down-regulation of CD34 and Pax7 are thought to mark the differentiation of satellite cell progeny into committed myogenic cells. 45 Because of variable expression patterns temporally and in different muscles, it has been difficult to identify a consensus protein marker for satellite cells that can be used for their unbiased isolation. 17 Because satellite cells are defined by their position between the basal lamina and sarcolemma, Collins and Partridge, 46 exploited the use of intact myofibers for transplantation. This strategy ensures the presence of satellite cells along with their niche. Intact myofibers contained between 7 and 22 Pax7-positive cells in the satellite cell position. Single myofibers were transplanted into immunodeficient nu/ nu-mdx mice and where the endogenous satellite cell pool was depleted by high-dose irradiation. Three weeks after transplantation, successfully engrafted muscles had an average of 40 dystrophin-positive fibers. Some of the transplants also had hundreds of donor-derived nuclei in the satellite-cell position and demonstrated repair after further injury from notexin injection. Surprisingly, isolated fibers were unable to form myonuclei or satellite cells when transplanted into nonirradiated hosts suggesting that the niche was unavailable in these hosts. 46 One of the earliest transplant studies into mdx mice also reported moderate results when using freshly isolated mononuclear cells. 9 After injecting 5 ϫ 10 5 to 4 ϫ 10 6 muscle-derived cells, donor-derived muscle fibers and donor-host hybrid fibers were detected. In the best examples, dystrophin protein levels were restored to 10 to 40% of wild-type values. Successful transplantation, however, seemed dependent on immunosuppression because nu/ nu-mdx were twice as likely to contain donor-derived fibers than immunocompetent mice, even though the immunocompetent mice were MHC-matched and pretolerized with neonatal injections of donor spleen cells. Montarras and colleagues 34 conducted transplants with donor cells isolated from mice expressing GFP under the control of Pax3 promoter. Donor cells were sorted from diaphragm muscle and transplanted into satellite cell ablated, immunodeficient nu/nu-mdx mice. Single grafts of 2 ϫ 10 4 Pax3-GFP cells resulted in nearly 600 fibers in recipient muscles 3 weeks after transplantation. Injection of cells that were identically isolated but then cultured for 3 days before transplantation reduced donorderived fibers by threefold. 34 FACS analysis demonstrated that GFP-positive cells from the diaphragm were primarily Pax7 ϩ , CD34 ϩ , CD45 Ϫ , and Sca1 Ϫ . Injection of 2 ϫ 10 4 Pax3-negative cells from hindlimb muscle with a similar FACS profile also resulted in significant dystrophin restoration. Together, these stem cell transplantation studies using freshly isolated cells suggest that uncultured cells may retain characteristics favorable to augment regenerative cell pools in muscle.
We now examined uncultured cells for the ability to engraft in immunocompetent recipients with an intact satellite cell pool and found that AMMCs are 35ϫ more effective than cultured primary myoblasts. Unlike previous studies using freshly isolated cells, the recipients of these AMMC transplants did not have their satellite cells destroyed by high-level irradiation. In prior studies, without satellite cell ablation, transplants of single isolated fibers were unable to regenerate muscle or generate satellite cells. 47 In our experiments, recipients of AMMCs were given a low dose (5 Gy) of whole body irradiation similar to our previous work 35 ; this dose is insufficient to ablate endogenous satellite cells. 48 -50 Because these transplants were performed in a model that has ongoing degeneration and regeneration, the maintenance of donor-derived fibers at 3 and 6 months after injection is consistent with satellite cell contribution. Moreover, after transplant, AMMC-derived cells were found outside the sarcolemma and expressing Pax7, consistent with a satellite cell position.
AMMC-transplanted muscles exhibited functional protection against muscle degeneration under resting conditions and after exercise. Interestingly, the protective effect of AMMCs exceeded expectations given modest amounts of donor-derived fibers in transplanted biceps muscles before exercise. Previous studies demonstrated similar results when dystrophin was restored to a portion of mdx muscles using myoblast transfer 51 or adenoviral vectors 52 and protection against exercise-induced damage and ex vivo contractile properties were greatly improved. This suggests that successfully introducing even low numbers of donor-derived, gene-corrected fibers may confer protection on neighboring fibers to result in substantial functional benefits to transplanted muscles.
Another favorable characteristic of AMMCs is their ability to regenerate in immunocompetent mice. Previous transplant studies of freshly isolated cells have been done in nu/nu-mdx mice. 34, 46 Nu/nu mice are athymic and thus lack T-cell-mediated immunity and have secondary B-cell immunity defects. 53 In contrast, our transplant recipients received 5 Gy whole body irradiation, a dose that transiently depletes lymphocytes. 54 -56 Transient suppression of CD4 ϩ T cells is sufficient to suppress cellular and humoral immune responses and allow expression of neoantigens introduced by viral vectors. 57 Despite delivering the ␦-sarcoglycan neoantigen in Sgcdnull recipients, we detected no obvious evidence of increased immune cell infiltration or myofiber damage after transplantation, even in mice that received multiple injec-tions of AMMCs without irradiation before subsequent injections. We cannot, however, exclude the possibility of a subtle immune response in recipients. Similar results were obtained in studies using mesoangioblast cells to restore ␣-sarcoglycan in mice. In that system, no overt immune response was detected in immunocompetent recipients, but use of immunodeficient hosts or immunosuppressants resulted in higher levels of sarcoglycan restoration. 58, 59 Coupled with their ability to survive for at least 6 months after transplantation, the ability of subsequent injections of AMMCs to regenerate more clusters of donor-derived fibers is strong evidence that AMMCs restore sarcoglycan without generating a host immune response sufficient to remove them.
Interestingly, AMMCs were able to restore more sarcoglycan-positive fibers in aged (7 to 9 months old) Sgcd-null recipients than younger (2 months old) recipients. Pathological signs of muscular dystrophy are evident by 2 months in Sgcd-null mice, but fibrofatty infiltration does not become widespread until after 4 months of age. 24, 25 It has been suggested that the extensive fibrosis in aged dystrophic muscle creates an unfavorable environment for transplanted cells. In contrast, we found donor-derived fibers engrafted readily in aged muscles where they effectively reduced muscle damage. In mdx mice and patients with DMD, myogenic cells have been shown to decrease or lose myogenic ability. 60 -63 Thus, one explanation for the enhanced regenerative ability of AMMCs in aged recipients is that reduced effectiveness of endogenous satellite cells creates a larger niche and less competitive environment for transplanted AMMCs. Further investigation of this phenomenon could yield valuable insight into the extent to which dystrophic muscle is permissive to cell transplantation.
In an attempt to remove debris and red blood cells from our AMMC populations, we used density gradient centrifugation through Ficoll. Although Ficoll pellet cells yielded 60% fewer donor-derived fibers than AMMCs 1 month after injection, the number of donor-derived fibers was nearly equal in recipients of AMMC and Ficoll pellet cell transplants 3 months after transplantation. We hypothesize that this is attributable to a population of satellite cells that is incompletely digested from the extracellular matrix during our cell isolation protocol. The increase in cells expressing the satellite cell markers Pax7 or Pax3 and cells bound to laminin ␣2 may define the myogenic population in the Ficoll pellet. In the study by Collins and colleagues, 47 transplantation of whole muscle fibers with attached satellite cells was able to restore dystrophin, but enzymatic separation of the satellite cells from isolated fibers decreased their myogenicity by 1000-fold. If a cell was incompletely removed from its environment by collagenase/dispase digestion and retained a sizable piece of basal lamina or myofiber, that cell would likely be centrifuged as debris in the pellet. Preservation of the microenvironment around such a cell could be advantageous in maintaining stem cell properties. Our experiments suggest that a partially intact niche may be sufficient.
To advance toward a clinically feasible stem cell therapy for muscular dystrophies, stem cells need to be rapidly dissociated and isolated. Ideally, these cells would be delivered without extensive immunosuppression or lethal doses of irradiation. The ability for these cells to self-renew in vivo is central to successful longterm results. Our isolation of AMMCs demonstrates that such a population of stem cells can be easily and quickly isolated from adult skeletal muscle.
